Abstract A haplotype marker consisting of three biallelic restriction fragment length polymorphism (RFLP) loci from the VH-2 variable gene family was examined in 124 families with sibling pairs concordant for multiple sclerosis, 178 unrelated patients and 159 unaffected controls to investigate the role of the imnmnoglobulin heavy chain gene cluster in susceptibility to multiple sclerosis, Evidence for linkage was assessed using the affected sibling pair method of identity by descent, modified to allow for haplotype sharing on a probabilistic basis in families where haplotypes could not be assigned with certainty, The estimated probabilities of affected siblings sharing 0, 1 or 2 haplotypes were Z0 = 0.20, ZI = 0.45, Z~ = 0.35. This deviation from the expected sharing probabilities of Z o = 0.25, Z 1 --0.5, Z~ = 0.25 provides evidence for weak linkage (P < 0.05; equivalent to a lod score of 0.84); however, no significant allelic or haplotypic association was observed. Linkage without a population association suggests that a gene encoded on 14q confers susceptibility to multiple sclerosis, although this is not any of the existing VH-2 polymorphisms.
Introduction
Several lines of evidence indicate an interplay between genes and environmental factors in the aetiology of multiple sclerosis, and the inflammatory nature of the pathology suggests genes which restrict the immune response as candidates for susceptibility. The detection of plasma cells and B lymphocytes within areas of acute demyelination and the high frequency of oligoclonal banding in spinal fluid samples from patients with multiple sclerosis has prompted a search for allelic associations and linkage to genes which encode variable and constant regions of immunoglobulin.
Immunoglobulin forms the antigen receptor for B lymphocytes, and each molecule comprises paired light and heavy chains built from a series of domains. The gene encoding the heavy chain has been positionally cloned to chromosome 14q [1] and a detailed map indicates that this region contains several constant (C), variable (V), diversity (D) and joining (J) genes [9] . Somatic rearrangement during B cell ontogeny enables one V to join one D and J gene, which are spliced to constant region genes before transcription [29] . This process is similar to that used in the construction of the T cell antigen receptor (TCR) and is central to the generation of immunological diversity.
Allotypic variations in immunoglobulin were first defined serologically and depended on variations in the constant region of the heavy chains. Pandey et at. [15] and Propert et al. [19] independently described Gm allotype associations with multiple sclerosis but no consistent pattern has subsequently emerged from serological studies [22] . Gaiser et al. [2] described a constant region restriction fragment length polymorphism (RFLP) associated with multiple sclerosis; and Walter et al. [30] reported an association with a heavy chain variable region gene polymorphism but found no evidence for linkage in their subsequent study of affected sibling pairs [4] , Hillert [6] in-vestigated a constant region polymorphism in cases and controls and failed to demonstrate an allelic association. We report weak linkage to the VH-2 region of the immunoglobulin heavy chain gene cluster using a modifed sibling pair method in 124 multiplex families but without a population association.
Materials and methods

Populations
The 124 families used in our linkage analysis were identified as part of a nationwide study of multiplex families with multiple sclerosis. These include 117 with affected sibling pairs and 7 with affected sibling trios. Following standard practice [16, 26] all three pairwise comparisons of affected sib trios were included in the analysis and each was weighted as 2/3, yielding the equivalent of 131 pairs in total. This approach has been shown to be slightly conservative [26] . RFLP analysis was performed on all available first-degree relatives, as well as the affected siblings, in order to assist with the assignment of parental haplotypes. In addition, RFLP analysis was completed on 94 affected individuals identified as part of a local prevalence survey [10] , 84 affected index twins included as part of a previously reported twin study [11] and 159 controls recruited from local blood donors, age-and sex-matched to patients registered as part of the local prevalence survey. All affected individuals were assessed clinically and met strict criteria for validating the diagnosis of multiple sclerosis [ 18] .
DNA extraction
Total genomic DNA was extracted from 15 ml venous blood. The nuclear pellets were treated with proteinase K and SDS. Two phenol: chloroform extractions were performed and high-molecularweight DNA was precipitated with ethanol. The DNA was dried in air and then dissolved in TRIS/EDTA buffer.
Probes VH-2 EB 1.2 is a 1.2 kb EcoR I/BamH I fragment containing elements of three members of the variable region heavy chain family VH-2. All three members have polymorphisms defined by BglII. VH 2-2 is an insertion/deletion polymorphism and produces a polymorphic band at 12 kb. VH 2-4 is biallelic with bands at 7.0 and 7.3 kb. VII 2-5 is also an insertion/deletion polymorphism with a polymorphic allele at 3.4 kb.
RFLP analysis
The restriction enzyme BglI] was used to digest 5 gg genomic DNA under the manufacturer's, instructions (Boehringer). The DNA fragments were separated on a 0.8% agarose gel by electrophoresis for 800 Vh, transferred to nylon filters (Hybond N Amersham) using the method of Southern [25] , dried and fixed by exposure to 0.2 J cm-: UV light (312 nm). These filters were pre-hybridised in Gibco Prehybridisation solution (a mixture containing 6 x SSC, 0.5% SDS, 5 x Denhardt's solution and 0.1 mg ml 1 denatured salmon sperm DNA) for 4 h at 65 ° C. Radiolabelled probe was produced by random primer extension and then purified on a sephadex G-50 column.The filters were hybridised with the probe in Gibco Hybridisation solution (a mixture identical to the prehybridisation solution but with the addition of 0.01 M EDTA) for 18 h at 65 ° C. The filters underwent three washes down to a stringency of 1 x SSC, 0.1% SDS 
Statistical methods
Linkage
To test for linkage to the putative disease susceptibility locus, the probabilities of the affected sibling pairs sharing 0, 1 or 2 marker haplotypes identical by descent were estimated and compared with the values expected under the hypothesis of no linkage (0.25, 0.5 and 0.25 respectively). Because marker haplotypes were constructed from three adjacent binary marker loci which were observed with unknown phase, haplotypes could not always be assigned with certainty. In some families both parents were not available and thus haplotypes shared identically by descent could not directly be distinguished from those identical by state.
To counter these problems, we used statistical methods which maximise the likelihood of sharing with respect to the unknown population haptotype frequencies and the identity by descent-sharing probabilities (Zo, Z1, Z2), under the hypotheses of no linkage (Z 0 = Z 2 = 0.25, Z 1 = 0.5), and linkage of the marker to a disease susceptibility locus (Z 0 < Z1/2; ZI < 0.5) [8, 20, 21] .
Evidence for linkage was assessed using a log-likelihood ratio statistic. Using logarithms to the base 10, this is directly analagous to the lod score of conventional linkage analysis [ 14] and under the null hypothesis, twice the log-likelihood is asymptotically distributed as a mixture of one or two degrees of freedom, allowing calculation of the P value [8] .
Association
Two approaches to testing for association were used. Firstly, a classical study was performed comparing our local blood donor controls with a case population comprising the index cases from our sib pair families, the index cases from our twin study and sporadic cases. In this study we used a maximum likelihood procedure to estimate haplotype frequencies in both these populations. As our composite marker has eight possible haplotypes, this procedure required a chi-squared test with 7 degrees of freedom. The same proceedure was used to look at each RFLP individually. Secondly, we performed a further association test using the non-inherited parental haplotypes as the control population, a procedure which has been shown to minimise the risk of bias resulting from the use of inappropriate controls. Here again, a maximum likelihood procedure was used to estimate the haplotype frequencies.
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Results
The maximum likelihood solution for haplotype sharing in the 124 families was Z 0 = 0.20, Z l = 0.45, Z2 = 0.35 (Table  1) .The "log likelihood ratio" statistic given this deviation from the null hypthesis corresponds to a lod score of 0.84, which equates to a P value of < 0.05. This suggests (but is a less significant result than is necessary to prove) linkage. Allele and haplotype frequencies showed no significant differences comparing all 302 cases with 159 controls (Tables 2, 3 ). Testing for association using the noninherited parental haplotypes as controls similarly failed to demonstrate significant association with any haplotype (results not shown). 
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Discussion
The principle of the sibling pair method of linkage analysis is that affected pairs will be more similar in that part of the genome close to a disease susceptibility locus than would be expected by chance. It therefore follows that such siblings will share haplotypes for a linked marker more frequently than for an unlinked marker, altering the probability of sharing 0, 1 or 2 haplotypes from the 1/4, 2/4 and 1/4 fractions expected with Mendelian random assortment. On this basis, testing for linkage should require no more than determining the proportion of affected sibling pairs sharing 0, 1 or 2 haplotypes, and then estimating the significance of any observed deviation from the position of random assortment (no linkage). Unfortunately, parents are not always available in affected families, and in this situation it is not possible to distinguish directly between haplotypes shared identically by descent and those shared identically by state. To counter these and other factors which prevent the assignment of haplotypes we used statistical methods which calculate haplotype frequencies that maximise the likelihood of the observed data and use these frequencies to estimate haplotype sharing in those families where this cannot be directly determined. The same maximum likelihood procedure was used to demonstrate the lack of association between the VH-2 markers and susceptibility to multiple sclerosis.
Our identity by descent analysis demonstrated very weak linkage between multiple sclerosis and the immunoglobulin heavy chain variable region genes on chromosome 14q. However, this type of linkage analysis does not generate a recombinant fraction and the result could reflect the effects of an important gene which is inserted at a considerable distance from the VH-2 region or a nearby gene which has only a minor effect. We have not confirmed the VII 2-5 allelic association with multiple sclerosis reported by Walter et al. [30] . Thus, our findings of linkage in affected sibling pairs without a population association contrast with the Canadian studies in which an association was present despite the absence of linkage [4] . By using local blood donors as the controls for our patients, who were collected as part of nationwide surveys, it is possible that bias could have been introduced into the association study. To address this criticism we performed our second association study using the non-inherited parental haplotypes as controls. Unfortunately, as one or both parents are missing in a significant proportion of our families, this approach is seriously lacking in power, and we did not consider it appropriate to rely only on this test of association. Since our conventional association study is negative concerns that bias may have generated a falsepositive outcome as a result of the normal controls being drawn from a population with an unexpectedly high risk of the disease are refuted.
A genetic polymorphism which itself det ermines disease susceptibility must be associated with the disease and will be linked in multiplex families. Unrelated individuals with multiple sclerosis are used in population studies to demonstrate or refute allelic associations, whereas familial cases are by definition required to assess linkage. However, association studies are vulnerable to mismatching of cases and controls and to the artefacts of multiple comparisons. Family studies require certain assumptions to be made concerning mode of inheritance, age of onset and penetrance; although the identity by descent analysis in affected sibling pairs overcomes these potential confounding effects, it does not account for disease heterogeneity. The clinical and demographic features are similar in familial and sporadic multiple sclerosis [31] ; and there is no evidence that sporadic and familial multiple sclerosis are different diseases, thus accounting for lack of concordance between linkage and association studies. There are numerous examples in the literature of an apparent conflict bet ween the findings of association and linkage studies. Two recent reports [3, 7] have addressed these issues. Greenberg [3] suggests that linkage analysis is suitable for finding disease loci that are neces-sary, even if not sufficient, but is not as useful for identifying susceptibility genes; these may be better identified by association studies. Hodge [7] proposes two possible models for explaining associations: one in which the marker is not itself responsible for disease susceptibility but is in linkage disequilibrium with the susceptibility gene; and a second model in which the gene itself is responsible for increasing the risk of developing the disease but is neither necessary nor sufficient.
Our findings of weak linkage give some support to the hypothesis that the VH-2 locus may be important in the pathogenesis of multiple sclerosis; Greenberg's analysis would suggest that it may contain a "necessary" gene which confers susceptibility to multiple sclerosis and is encoded close to the V region of the immunoglobulin gene complex, but is not one of the existing VH-2 alleles. Differences in linkage disequilibrium between VH-2 and a disease susceptibility gene in the Canadian and UK populations [4, 30] may account for the discrepant results and, although further studies are needed to resolve these points, both studies should maintain interest in immunoglobulin heavy chain region genes as potential markers of susceptibility to multiple sclerosis.
Despite evidence for heterogeneity in the response of T cells recovered from patients with multiple sclerosis, and the presence of circulating myelin-specific T cells in normal individuals, more emphasis has been placed in recent years on the contribution of auto-reactive T cells than humoral mechanisms in the pathogenesis of multiple sclerosis [17] . Experimental and imaging studies clearly demonstrate that T cells play a pivotal role in opening the blood brain barrier early in the development of new areas of focal brain inflammation [5, 12] , but the contribution they make to events subsequently culminating in loss of myelin sheaths around central axons is less clear. Apart from providing a source of cytokines, capable of activating macrophages and microglia, T cells infiltrating the brain in multiple sclerosis may provide help for B lymphocytes by promoting plasma cell synthesis of antibody. The intrathecal synthesis of epitope-restricted antibodies appears to reflect sustained B cell activation within the CNS; although some antibodies reactive against self-antigens have been detected [13, 27, 28] , the exact specificities of most oligoclonal immunoglobulin remains unclear. In vitro studies have identified several mechanisms for the interaction between microglia and oligodendrocytes or their myelin sheaths, which mimic the pathological hallmark of demyelination seen in multiple sclerosis, and which depend on soluble immune mediators, including antibody [23, 24, 32] . Our demonstration of weak linkage to the immunoglobulin heavy chain variable region strengthens the hypothesis that humoral mechanism of immunity may be involved in the tissue injury of multiple sclerosis, qualifying but not eliminating the role of autoreactive T cells.
